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First-principles simulations of metal-ceramic interface adhesion: CONC versus CdTiC
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With the purpose to understand the fundamental difference between two industrially important classes of
hard materials, WC-Co cemented carbides and TiC-Co cermets, we do a comparative study of Co/WC and
Co/TiC interface adhesion. Using first-principles density-functional plane-wave pseudopotential calculations,
we analyze the energetics and electronic structure of the Co/WC interface, and compare with previously
reported results for Co/TiC. Values for the work of separation and the interface energy are provided for a set
of model C@001)/WC(00)) interfaces with fcc Co and cubic WC, which is a relevant case in sintering of
Ti(W)C-Co cermets. The known fact of better wetting for Co on WC than on TiC is confirmed and explained
in terms of the electronic structure. Both Co/WC and Co/TiC are characterized by strong covalent Co-C
interface bonds. The stronger adhesion in the Co/WC case originates from a larger contribution of the Co-W
metal-metal bonding rather than from the Co-C bonds.
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[. INTRODUCTION A representative case of hard metal interfaces, the Co/
Metal-ceramic interfaces play a vital role in a wide vari- Ti(C,N) system, is addressed in a recent wbtié* With the
ety of industrial applications, from light bulbs to microelec- help of first-principles density-functional calculations, it is
tronic components and medical implants. The distinct naturiir;?vl‘i?néhzg tgg gﬂ;ﬁb%)aﬁednﬁesé%réés w&w&y;gengigezﬁ&
of the contacting materials also makes metal-ceramic sys* y : P
tems of much scientific interest, as reflected in an increasinat.ronger th_an COT(N) or Ti-C(N) bonds m_bulk C&CN) or
number of experimental and theoretical studiésThe i(C,N). With a simple treatment of the interface structural

progress in this area has been particularly rapid in rece1 regularities, those calculations reproduce reasonably well
r

years. On the one hand, this is due to more refined experi- e wetting experiment data for_||qu|d Co on T'C' The
mental techniques becoming available to explore the interpresent paper con3|der_s another important situation of hard
face atomic and electronic structurese, e.g., Refs. 3 and metal mterfac_es, in particular the Co/WC system.

4). On the other hand, the development of theoretical mod- Although Ti(C,N)-based cermets play an increasing role

els, such as density-functional theory, and the rapidly inin high-performance cutting, they are more brittle than the

creasing performance of computers have made it possible lt&admonal WC-Co cemented carbides, and hence are less

roach th kind of oroblems with direct first-orinciol _suitgble for_rough cutting. As a consequence, thg tool market
iglrétﬁggontsﬁlsf d of problems with direct first-princ P'®Sis still dominated by the WC-Co cemented carbides. More-

An important class of metal-ceramic interfaces is those i pver, even in cermets it is typically necessary to have W in

composite materials. Composites are heterogeneous mixtur £ carb?de grains to p_rovi(_je sufficient wetting of the grains
of dissimilar materials that perform considerably better tha y the binder. In this situation, the development of hard ma-

any of their components by itself. A particular case of com- erial; could benefit significantly from fundamental un_der—
posites of interest in this study are hardmetals, such tanding of what makes WC so successful, and what is be-

WC-Co cemented carbides and(QjN)-Co cermetd®17 ind the common differences between the WC-Co cemented
' carbides and TC,N)-Co cermets. In answering these ques-

which are among the most common cutting-tool materials in; i . o
the modern industry. These composite materials consist ons, a systematic comparison of Co/WC and Co/TIC inter-
ace adhesion is a natural first step.

grains of carbides or carbonitrides glued with a binder meta The present paber aims at a svstematic studv of the
to combine the hardness of the carbide with the toughness?{ /WCP ¢ pap . d el ysten y It al
the metal. They are typically produced by liquid-phase sin- o interface energetics and electronic structure. It also
tering of the carbide and metal powders. compares our result§ for the Co/WQ mterface to the previ-

To optimize the mechanical properties of hardmetals it isOUSIy studied Co/TiIC case and in this way provides

important to have a good understanding of the internal hetr_‘mcroscop|c—level insight into the fundamental differences

erointerfaces. For example, higher adhesion between trRetween the WC-Co cemented carbides and the TiC-Co cer-

metal and ceramic gives an improved load transfer, higheWEtS'

yield strength, and stiffnes§.The interface energetics con- dThe pa;_per 'i :)hrganlzed flst_follolws. J}hz nex’ijsicltllon gc;VsS
trols different aspects of hardmetal sintering, such as wettin escription ot the computational method used, toflowed by

of hard grains by liquid binder, as well as microstructural e results and discussion for the bulk phases and the inter-

changes during dissolution and reprecipitation processes. Ifl"ilce systems. Section Ill summarizes our conclusions.

other_wo_rds, the success of any par_tlcular metal-carblde Il RESULTS AND DISCUSSION

combination must ultimately be found in the metal-carbide

interaction at the interface between the grains and the binder Our total-energy and electron-structure calculations are
phase. done in the framework of the density-functional thetfy?*
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The exchange-correlation is treated at the generalized gradtonstant and bulk modulus values are extracted from fits of
ent approximation(GGA) level, version Perdew-Wang 91 total energies for different volumes to the Murnaghan equa-
(Ref. 25 (GGA-PW91. We use thedACAPO code?® which  tion of state’® The cohesive energies are obtained by sub-
is an implementation of the plane-wave pseudopotentiairacting the total energies of the spin-polarized free atoms
(PWPB method?’~*°The ion cores are described within the from the total energies of those atoms in bulk.

Vanderbilt ultrasoft pseudopotential schefhéncluding the It is known that the GGA-PW91 gives a significant im-
nonlinear core correctiof&for Co and W. Good total-energy provement in the description of the ground-state properties
convergence, within 0.01 eV/atom, is reached with the plan€gas transition metals over the local-density approximaftdf?

wave cutoff 26 Ry. The Brillouin zone is sampled using the zjihough it seemed to give a worse agreement with experi-
Monkhorst-Pack methotf. To improve thek-point conver- ment for 40 and 5 transition-metal serie® it has been

gence, the F%ﬁni (_Jliscontinuity _is smeared _according to thghowﬁ‘9 that this discrepancy is related to the use of the
Gillan scheme; with an effective electronic temperature atomic-spheres approximatiolASA). Compared to the

0.15 eV. The atomic structure relaxation is performed with : L
the  Broyden-Fletcher-Goldfarb-Shanno quasi—NeWtonIOC"’“'denSIty approximatiolLDA), the GGA-PWOL1 lowers

method®® using the Hellman-Feynman theorem for the ionicthe cohesive energies and gives larger _equilibri_um volumes
force calculation. The ionic positions are optimized until the@nd smaller bulk moduli. The fact that this trend is not much

total residual force is less than 0.1 eV/A. in line with our comparisons in Table | can be attributed to

the use of the ASA in many of the referred calculations.
Our result for the equilibrium lattice constant of cubic

A. Bulk phases WC is 4.346 A. This is overestimated by a few percent com-

In contrast to the NaCl structure of the group-IVB metal pared to the values extracted from experiments. This lattice

carbidege.g., TiQ, the ground-state crystalline form of pure Cor;gta”‘ value is close to th? calculatgd value for @3
WC is hexagonalsee, e.g., Ref. 16 This form is observed A).2% Our result for the cohesive energies of the ground state

over the whole temperature interval relevant for hard metafonfigurations of Wibcg and WC(hexagonalare approxi-
sintering (below 2000 °Q. However, as a first step towards mately 0.5 eV hlgher_ than for the less stable fc_c st_ructures of
understanding the difference between the Co/WC and coV and WC, respectively. Our overall conclusion is that all
TiC adhesion, we analyze the situation when the WC bulkhe calculated values are in a reasonably good agreement
phase has the same NaCl structure as TiC. This shoulith the available experimental data and other first-principles
greatly simplify the comparison with the preceding Co/TiC calculations.
study?®~2'At the same time, the NaCl phase of WC, known  An important point for our discussion of the interfaces is
as its3 phase, can be obtained experimentally at sufficientlythe difference between WC and TiC electronic structures.
high temperaturesabove 2500 °G* and can be stabilized The nature of bonding in bulk carbides in the NaCl structure
even at room temperaturé.In addition, the case of inter- has been investigated by first-principles methods in e.g.,
faces with NaCl WC and TiC phase is interesting for under-Refs. 45 and 50. Reference 45 shows that the bonding in
standing the adhesion of Co to an mix@d/,Ti)C phase. cubic WC and TiC is dominated by covalent bonds between
Even at relatively low Ti concentrations that phase also has 2p orbitals of C andd orbitals of metals, with some addi-
NaCl structure®® Such a mixed case reflects the situation intional metallicd-d bonding. This is consistent with our result
the Ti(W)C-Co cermets, at the boundaries between the Cdor the valence electron density in Fig. 1. The density is more
binder and thgW,Ti)C rim of the hard carbide grainsee, uniformly distributed in WC than in TiC. This indicates that
e.g., Ref. 3% WC is a more metallic system than TiC. This is to be ex-
The Co phase is taken to be fcc, which is a very realistiqpected, since there is a trend toward higher conductivities
situation for sintered carbidd8.0nly the case of paramag- from semimetallic* group-1V carbides to group-V and -VI
netic Co is considered. This should be a more relevant situearbides. It was pointed out earlier that cubic WC has even
ation in the context of wetting, i.e., above the Co meltingmore metallic bonding nature than the group-V matefials.
point and, as a consequence, above the Co Curie temperatureThe trend in metallicity of transition-metal carbides can
(1131°C). For the ferromagnetic state, the analysis of thée understood within a rigid-band model for the density of
Co/TiC case in Ref. 21 suggests that the effects of magnestates developed in Ref. 50. For transition-metal carbides
tism can be understood within a simple rigid-band approaclwith a NaCl structure, there is typically a broad minimum in
and the Stoner modét,in the same way as for Co surfac®s. the density of states separating bonding and antibonding
Then to estimate the magnetic corrections to the Co/WC instates, as illustrated by our result for the local density of
terface energetics, it suffices to have the paramagnetic locatates(LDOS) in Fig. 2. For TiC with six valence electrons,
density of states of the interface Co layer. the Fermi level lies at the bottom of this minimum, indicat-
As an assessment of the accuracy of the W pseudopoteimg a stable structure where the bonding states are filled and
tial used, different bulk properties of \bcc and fcg, and  the antibonding states are empsge Fig. 2c)]. When going
WC (hexagonal and NaClare calculated and compared to from group-1V to group-VI transition-metal carbides, the ex-
the available data from other calculations and experiment. litra electrons successively fill the antibonding states, leading
Table | the data on the lattice parameters, bulk moduli, ando increasingly unstable NaCl structures. Compared to TiC,
cohesive energies are collected. The calculations are don&'C has two more valence electrons per unit cell, which fill
with 8 X8X 8 Monkhorst-Packk-point meshes. The lattice the antibonding states. For cubic WC the filling of the anti-
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TABLE I. Calculations of lattice constants,, bulk moduliB, and cohesive energi&s,,, of bulk W and
WC compared with other calculations and experimefEdpt) data.(LCAO is the linear combination of
atomic orbitals. FP-LMTO is the full potential linear muffin-tin orbital. LSDA is the local-spin-density

approximation).

Crystal Method Source ap (A) B (Mbar) Econ (€V)
W(bco GGA-PWPP This work 3.16 3.04 8.7
LSDA-LMTO Ref. 43 3.21 3.03 ~8.9
GGA-LMTO Ref. 43 3.25 2.72 ~7.8
LDA-LMTO-ASA Ref. 44 3.15 2.80 -
Expt Quoted in Ref. 44 3.16 3.23 -
Expt Quoted in Ref. 43 3.16 3.10 8.92
W(fcc) GGA-PWPP This work 4.01 2.83 8.2
WC(hex) GGA-PWPP This work 2.90 4.04 8.5
LDA-FP-LMTO Ref. 45 2.88 3.29 9.72
LDA-LMTO-ASA Ref. 44 2.83 6.55 -
LDA-LMTO-ASA Ref. 46 2.88 4.13 8.90
LDA-LCAO Ref. 47 - - 8.95
Expt Quoted in Ref. 44 291 5.77 -
Expt Quoted in Ref. 45 291 3.31 8.34
Expt Quoted in Ref. 46 - 4.34 -
Expt Quoted in Ref. 46 - 4.43 -
Expt Quoted in Ref. 46 - - 8.35
WC(fcc) GGA-PWPP This work 4.35 3.50 8.0
LDA-LCAO Ref. 47 4.32 3.90 8.50
LDA-FP-LMTO Ref. 45 4.29 3.19 9.46
LDA-LMTO-ASA Ref. 44 4.22 3.75 -
Expt Quoted in Ref. 47 4.220 - -
Expt Quoted in Ref. 47 4.229 - -
Expt Quoted in Ref. 47 4.266 - -
Expt Quoted in Ref. 47 - 4.0-4.3 -

bonding states gives relatively large LDOS at the Fermi
level, as can be seen in Figh®, and as previously discussed

B. C&WC interface

: To our knowledge, the atomic structure of Co/WC inter-
in, €.g., Ref. 45. faces has not been characterized experimentally. The only

In Table | we calculate the cohesive energy of 8.0 €V/igjeyant information available is the shapes of carbide crys-
atom for cubic WC to be compared to the calculated cohe-

sive energy of 7.3 eV/atom for Ti€.Since the extra filling s wemen BRRRE
of the antibonding states in WC should reduce the contribu- @asof ——- c(_sfx) 3
tion of the carbon-metgd-d bonds, the higher value for WC N T N D
is an extra indication of a stronger W-W metallic bond in s [ we NA(-:I - -

WC. (o) 5 | WCNaCl) 1
e W—d N 4
14 1 ANIPEAN -’/\/\\\WM’
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FIG. 2. Main components of the local density of stae®OS)
projected onto atomic orbitals for hexagottal and cubic(b) WC,
cubic TiC(c), and fcc Ca(d) bulk materials. The vertical solid lines
show the position of the Fermi energy.

FIG. 1. Contour plots of valence charge density081) cuts of
bulk WC and TiC. The dashed line ista0.5-electron/ A’ reference
level, and the consecutive contours change by a factaf2of
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Q,, /Q Q‘}.’g required to revers_ibly separate the interfacg into two free

OQ , @ o 0.0 0 surfaces, neglecting diffusional and plastic degrees of
(a) @< (c) ?.<0/.f (e) /’Q Q. freedom” These dissipative processes dictate tNat, is a

(j@ ér/. Q )\.“? lower bound to the actual work measured in a cleavage ex-

'°Y0 ‘OJ@ periment. In addition to the possible connection to experi-

ment, the usefulness of the work of separation in our analysis

@/>@ 0-3 o | is also in that it is quite a direct measure of the interface

®== 09 .

(b)@@ (d)Q % 6; ) .)\‘3 bond strength. The work of separation can be calculated as

@@ @Q@% y M the difference in total energy between a system in which the
S ) ‘

0/6'0 surfaces are free to another in which they are in contact,
forming the interface. With the slab geometry, this can be
° O o expressed as
C W Co Wye,= (Eq+Ep—Epp)/2A. 1)

FIG. 3. Atomic structures modeling the Co/WC interface. The o 0 s the total energy of the interface system, dad

relative positions of Co, W, and C atoms in the interface layers are ;
) . andE, are the total energies of the separated slabs calculated

shown. The notations are, from left o right, 1Co/LW( and -II in the same-size supercella.is the interfacial area and the
b), 5Co/4WC-I d -l (d), and 8Co/5WC- d -ll (f). ) . . . .
() © ©an (@, an © () an ® factor 2 accounts for the two identical interfaces in the su-
. . . percell.
tals embedded in a metal binder in hard metalse, e.g., Another important quantity is the interface energyThe

Refs. 16 and 38 In cemented carbides, WC grains are typi- e face energy can be viewed as the work required to create
cally found in the form of triangular prisms embedded in thethe interface from bulk materials. In contrast to the work of

metal binder phase. The Co/WC orientation relationship bege 4 ation, it is not an absolute measure of the interface bond

hind this shape is expected to be connected to the hexagongtengih. Instead it compares the interfacial bonds to the
structure of WC, and hence should not be transferable to thﬁonding in the bulk material. Thermodynamically,is the

cubic carbide case considered here. Cubic carbide graing oqs'ree energy of the interface, and is a crucial parameter
tend to develop a cubic shape, angular or rounded to a dif) yhe process of precipitation. The precipitation kinetics is
ferent extent, depending on the composition of the Carb'd‘lahfluenced by the interfacial free energy between the precipi-
and the b|r_1der meta’tE Th's. shape_behgwor makes .th.e tate phase and the matrix phase. Therefore, it should be an
{OO]}//{OQJ} interface orientation relationship a very realistic important parameter in the formation of the carbide grains in
assu_mpt|on. ) the metal matrix during sintering in which the grains obtain
Since boths-WC and TIC have NaCl structures, we can yqir characteristic shape. It has been proposed that the re-
model the CO./WC _mterface by the same set of hlgh'sulting shape of the carbide crystals in cemented carbides is
symmetry configurations as for Co/TiC in Ref. 20. To createyqotarmined by a balance of relaxation and growth processes

the interface model systems, we match unit cells of differenf, \ynich the carbide atoms are dissolved and reprecipitates
sizes in the(100) surfaces of Co and WC together. In this on the same or another crysfﬁl.

process, the lattice constant of WC is kept fixed, and the Co The interface energy can be calculated by subtracting

matrix is stretched to obtain coherent structures. The unif,m the total energy of the interface system the total ener-
cells are chosen as to minimize the induced strain energy, b ies of the corresponding bulk phases

are at the same time kept small for computational reasons.
This gives three different interface unit cells; 1Co/1WC,
5C0/4WC and 8Co/5WC. The notation usedni€o/nWC,
wherem/n is the relative number of Co atoms compared toand can also be expressed as the difference between the sur-
W and C atoms within one unit cell. For each of these conface energiesr; , of the two slabs, and the work of separa-
figurations, there are two independent high-symmetry transtion Wye,,.
lation states, denoted asCo/nWC-I and mCo/nWC-II, re- All total-energy calculations are performed using super-
spectively. The model systems used are shown with notationsells with three layers of each mater[@B+3)-layer super-
in Fig. 3. We also take into account that the in-plane stretcleells]. The Brillouin zones are sampled withx8x2, 4
of the Co lattice induces a bulk relaxation effect of the Cox4Xx2, and 2<2X 2 k-point grids for the 1Co/1WC, 5Co/
interlayer distances. In the perpendicular direction the inter4dWC and 8Co/5WC interfaces, respectively. The plane-wave
faces are modeled as periodic sequences of alternating @utoff energy is 26 Ry. Convergence tests are done with re-
and WC slabs, with each supercell containing one Co slaBpect to the number of layers, thepoint sampling and the
and one WC slab without any vacuum layers. plane wave cutoff energy as shown in Fig. 4. The dominating
Using these model systems, we analyze the energetics sburce of the convergence error is the convergence with re-
the Co/WC interface. Unfortunately, it is very difficult to spect to the number of layers. For the important case of the
obtain experimental information of the energetics of a buriedlCo/IWC-I system this error is within 0.05 JmAs the
interface and the only experimental data available are valuasiore complex interface systems can be considered mixtures
of the work of separatiofiadhesion from sessile drop wet- of the 1Co/IWC-I and 1Co/1WC-Il systems, we expect the
ting experiments. The work of separatio.,, is the work  convergence error for them of about 0.1 J/hese conver-

Y=(E12— E1pui— Ezpui)[2A= 01+ 0= Wsep, (2
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. T ' T T ' TABLE II. Work of separationWs,, for the Co/WC interface

(a) 0.40 ¢ ] compared to the Co/TiC interface. There are values for both unre-
“E 0.20 : ' !axed(Unre_I) and relaxedRel) structures. Herel is the opti_mized
5 3 1 interlayer distance between the Co and WC slabs,/,, is the
\é 0.00 | ] difference between the given values \k, for Co/WC and the
P4 d ] corresponding values for Co/TiC from Refs. 19 and 20.
oee \ \ - \ \ - Interface dR) W, () AW, (I
(2+2) (3+43) (4+4) (545) (8+6) (7+7) Unrel Rel Unrel Rel
Number of layers in supercell
®osf ] 1Co/1WC-| 180 520 450  0.78 0.32
- 4 1Co/1IWC-II 2.37 2.49 1.58 1.81 1.12
oo %Y 1 5C0/4WC-| 208 361 353 0.87 0.25
3 o000} 4 5Co/4WC-II 2.08 3.60 3.67 1.00 0.42
o ooaf ] 8Co/5WC-| 213 368  3.69 1.02 0.44
L 4 8Co/5WC-II 2.13 3.67 3.65 1.00 0.43
-0.08 | : . . . . . 1
4x4 6x6 8x8 10x10 12x12 14x14
k-point grid (k, x k) about half this valué? As pointed out in Ref. 1, such a
(c) L R R R AL AL R B R comparison can only be semiquantative, due to a difference
0.04 |- ] in the definitions of the ideal work of separation and the
o - - experimentally measured work of adhesion.
§ 002 k i The work of separation is almost unaffected by relaxation
G f ] in the case of Co/WC, while there is a large relaxation effect
P for Co/TiC. The relaxation effect at the Co/WC interface is
0.00 F ) compensated by a similar relaxation for the free Co and WC
16 18 20 22 24 26 28 30 32 34 36 surfaces resulting in an effective cancellation in g,
Cutoff (Ry) value. The comparison of the perpendicular relaxations of

the symmetry independent atoms at the Co/WC and Co/TiC
FIG. 4. Convergence of the work of separation for the two 1Co/interfaces is given in Fig. 5. The relaxation of the atomic
1WC interfaces with respect {@) the number of layers in each of coordinates is similar in the two systems, except the large
the slabs in the supercelip) the k-point sampling, andc) the  relaxation of some of the C atoms at the Co/TiC interface.
plane-wave cutoff energy. Filled and unfilled circles correspond toThe two atoms with the pronounced relaxations are the atom
the 1Co/1WC-I and 1Co/1WC-II interfaces, respectively. The worki, the middle of the unit cell in Fig.(®) and the corner atom
of separation is cou_nted from the_final point in each figurgbjna in Fig. 3(e), at 5Co/4TiC-l and 8Co/5TiC-I interfaces, re-
Monkhorst-Pack grid,xky Xk, with k,=2 is used. spectively. Both these atoms are centered under four Co at-
o oms allowing for a strong Co-C bonding that can counteract
gence tests show that the work of separation is adequatefye Ti-C bonding. This effect is not sufficiently strong at the

converged with the chosen basis. Co/WC interface to give the same large relaxations. This is
Both relaxed and unrelaxed values are calculated for all

model systems. In the relaxed calculations, all atoms in the —
interface layers are allowed to relax in all directions. The
atomic positions of one middle layer of each slab and the
supercell volume are kept fixed. The unrelaxed values of the (a)
work of separation are calculated with respect to unrelaxed
free slabs.

The results for the work of separation for the Co/WC
interface are summarized in Table Il together with the opti-
mized interlayer distances between the Co and WC slabs.
Since the lattice constants of WC and TiC are close, the
interlayer distances in the Co/WC supercells are practically (b)
the same as in the Co/TiC on®&sThe table also includes the
difference inWs,, between the Co/WC and the correspond-
ing Co/TiC interfaces. The relaxed values for the 5Co/4WC -
and 8Co/5WC model systems are about 3.7 2J/Mhis is Interfacial atoms
close to the wetting experimental value of 3.82 4 FIG. 5. Perpendicular relaxation of the(W) (a) and C (b)
Compared to the work of separation for the Co/TiC interfaceatoms in different positions at the Co/W@amond$ and Co/TiC
it is approximately 0.4 J/fmhigher. This means that we re- (filled squaresinterfaces expressed in percent of the bulkTWC
produce the experimental trend of better wetting for Co onnterlayer distances. Note the difference in scale betwagmnd
WC than on TiC, although the experimental difference is(b).

-6.0 1 1 1 1 1 g 1 1 1 ! !

Relaxation (%)
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.« T TABLE IlIl. Interface energiesy at the Co/WC interface com-
o5 | ] pared to the Co/TiC interface. The energies are given for both un-
(a) o relaxed(Unrel) and relaxedRel) structures. Heré y is the differ-
=20 R S . ence between the given values of for Co/WC and the
go e corresponding Co/TiC values of Ref. 20.
[5)
b= o Interface vy (JIn?) Ay (J/nf)
b 2>°f M ] Unrel Rel Unrel Rel
2.0 P o ® BN
T * 1Co/1WC-| -0.49 -0.53 -0.70 -0.73
— C C T 1Co/1WC-II 2.24 2.40 -1.71 -1.51
O pal 5C0/4WC-] 0.96 0.35 -0.73 -0.61
FIG. 6. Unrelaxedunfilled circles and relaxed(illed circleg ~ 5Co/4WC-I 0.97 0.21 -0.86 -0.77
Co-C bond lengths in A for different Co-C pairs at the Co/M&  8Co/5WC-| 1.08 0.44 -1.03 -0.96
and Co/TiC(b) interfaces. Only Co-C pairs at the 5Co/4W) and ~ 8Co/5WC-II 1.09 0.48 -1.02 -0.95

8Co/5W(Ti) interfaces are displayed. The horizontal dot lines indi-
cates the sum of the Co and C covalent radii.

TiC, and is an indication that the metal-metal contribution to
L o _ the adhesion is larger for Co/WC than for Co/TiC.
indicated more explicitly in Fig. 6, which shows the Co-C = tpq yejaxed and unrelaxed values of the Co/WC interface
bond lengths for different Co-C pairs at the Co/WC and Colgnergy are given in Table 11l together with the difference in
TiC interfaces. The varlatloq in the Co-C distance is mgphmerface energy\ y, compared to Co/TiC. There is a large
smaller at the relaxed Co/TiC interface, where the equilibgriation inAy over the different model systems. Thus the
rium bond distances are attained. The Co/TiC interface CO'%terface energy is more sensitive than the work of separa-
bond length is close to the sum of the Co and C covalention to structural variations in these metal-ceramic interfaces.
radii [2.0 A (Ref. 53] throughout, which is not the case at The relaxation effects of the interface energy is almost the
the Co/WC interface. same at the Co/WC and Co/TiC interfaces, but the interface

The 1Co/1WTi)C systems are associated with a large in-energy is about 1 J/fnhigher for Co/TiC. The fact of a

duced strain energy originating from the stretch of the Camuch lower value of the interface energy for Co/WC than for
lattice to obtain a coherent interface. They can neverthelesSo/TiC implies that the formation of Co/WC interfaces is
give valuable information about the bonding mechanisms agnergetically more favorable in the WC-Co cemented carbide
the metal-ceramic interface. The two translation states 1Cdhan the formation of the Co/TiC interfaces in the Co-TiC
1IW(Ti)C-I and -l correspond to interfaces where the Cocermet.
atoms are over the C and W sites, respectively. At a more For a more detailed understanding of the interfacial inter-
complex interface, represented by the 5Co/4WC and 8Caitomic interactions, a close study of the electronic structure
5WC model systems, the probability for a Co atom being

close b a C atom is about the same as being close to a W 3t e ]
; . . . o/WC-
atom. It is reasonable to believe that such interfacial struc- @ ]
tures can be viewed as superpositions of the local environ- 1E L ,‘l,"‘ ]
ments provided by the simple 1Co/AW)C systems. For A Pl et
instance, it can be seen from Table Il that the values of work - .
of separation for the more complex model systems are close 3t Comic
to the average values of the two 1Co/[WC translation bot
states. 1F ,’\
A comparison of the work of separation for the two 1Co/ e
1W(Ti)C interfaces gives an insight into the differences in 3k Co/V\IIC—II '

the interface interactions between the Co/WC and Co/TiC

cases. The difference in the work of separation between the © f

two translation states is large for both 1Co/1WC and 1Co/ AN 5

1TiC. This is due to the presence of strong covalent Co-C y . y .

bonds?® although a somewhat similar effect can originate 3 | Cormic-Il

from metal-metal bonds, as for metals on M@01).>* How- (d) 2 p— Cod

ever, the effect of shifting the interfacial Co atoms from C 1F o f,:v_(%p)_d A v\

sites to WTi) sites is much larger for Co/TiC than for L Loal

Co/WC (see Table ). Going from 1Co/1WC-I to 1Co/1WC- -20 =15 ‘10E_E‘?ev) 0 S 10

II, the work of separation decreases by approximately a fac- F

tor of 3, while the work of separation for 1Co/1TiC-l is al-  FIG. 7. Main components of the local density of states projected

most an order of magnitude larger than for 1Co/1TiC-Il. ThiSonto atomic orbitals for the 1Co/1{Wi)C-I interfaces in(@) and (b),
means that the interfacial covalent Co-C bonds play a morand for the 1Co/1WTi)C-Il interfaces in(c) and (d). The vertical
important part in the interface adhesion in the case of Cogolid line indicates the Fermi energy.

045408-6



FIRST-PRINCIPLES SIMULATIONS OF METAL- ... PHYSICAL REVIEW B5 045408

=</}

9;@‘€ 10.15

gl .

(d)

FIG. 9. Induced valence electron density when free unrelaxed

FI,G' 8. Contour plots for(OlO). cuts of the valence electron Co and WTi)C slabs are put together to form unrelaxed 1Co/1IWC
density at 1Co/IWC-(a), 1CO/1TiC-l (b), 1ICO/IWC-II (0), and i iorfaces. The 1Co/LWWI)C-l interfaces are displayed i@ and

1Co/1Ti(_3-II _(d) interfaces(unrelaxed, 5-5-layer supercel)s The (b), and the 1Co/1WTi)C-Il interfaces in(c) and (d). Note the
Qashed line is & 0.5-electron/ A reference level, and the consecu- difference in scale between the 1Co/@WC-I and 1Co/
tive contours change by a factor 2. 1W(Ti)C-II figures. Only the regions of charge accumulation are
shown. The contour plots are f@@10) cuts. The thick dashed line is

is needed. For this purpose, we calculate the LDOS projectea 0.03-electron/& reference level, and consecutive contours
onto atomic orbitals for atoms at the 1Co/1WC interface. Thechange by a factor of/2.
projected LDOS at the 1Co/1WWi)C-III interfaces are
shown in Fig. 7. In case of Co/TiC the main mechanism ofbonds inside the \Wi)C slabs. At the 1Co/1TiC-I interface
the interface adhesion is the strong covaleribonding be- the Co-Cp-d hybridization partially destroys the resonance
tween the Co-8 and C-2 orbitals®*?°When going from Ti  peaks from the Ti-C bondinty:?° There is practically no
to W, the addition of two extra electrons per carbide pairsuch effect in the Co/WC case. The LDOS in the region of
cause a shift of the C and W states down in energy and awatjne W-C bonding states in Figs(af and 7c) is almost the
from the region of the Cd band. This should lead to weaker same as in bulk WC in Fig.(B).
Co-C covalent bonds at the Co/WC interface compared to Figure 8 shows the valence charge density at the 1Co/
the Co/TiC interface, in the same way as going from Co/TiC1W(Ti)C-I and 1Co/1WTi)C-II interfaces. There is a large
to Co/TiN2° If the strength of the Co-C bonds is expected toconcentration of charge between the Co atom closest to the
decrease, then a reasonable explanation for the increase imterface and the atom underneath, where the interfacial co-
the work of separation is a higher contribution of the Co-Wvalent bonds are formed. There is also a higher electron den-
metal-metal bonding at the Co/WC interface. This is in linesity in the regions between the interface Co and W atoms
with our above analysis of the work of separation site depenthan between the Co and Ti ones. This suggests that the extra
dence, as well as with the higher metallicity of WC, reflectedelectrons in the Co/WC system take part in a metallic inter-
in its high LDOS around the Fermi level. face bonding.

There is a significant difference between the Co/WC and The change in the electron density when forming the in-
Co/TiC cases in how the presence of the interface affects theerfaces is presented in Fig. 9, which shows the differences
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between the valence electron densities of the unrelaxed irbehavior of the local density of states and the electron den-
terfaces and the corresponding free slabs calculated in thsity.

same-size supercells. Only the regions of charge accumula- Our results for the interface energy show that the Co/WC
tion are displayed. The induced density between Co and W isystem has a noticeably lower interface energy than Co/TiC,
slightly higher than between Co and Ti, for both the 1Co/Which can affect the substance redistributior) and micrqstruc—
AW(Ti)-I and 1Co/1WTi)-II interfaces, consistent with our ture during sintering of the cemented carbide. A low inter-
conclusion about larger contribution of the metal-metalfaceé energy favors the formation of metal-carbide interfaces
bonding at Co/WC than at Co/TiC. during the sintering, when the cz_ir_blde atoms dissolve into
the binder phase and then reprecipitate in the growth process
of the carbide crystals.

The combination of a low interface energy and a high
We have performed aab initio study of the Co/WC in- Work of separation, giving a high wettability of the binder
terface using total-energy density-functional theory calculaPhase to the carbide grains, should lead to a reduction in the
tions. The Co/WC interface energetics is analyzed via thdorosity of the cemented carbide. If introducing defects in
concepts of work of separation and interface energy using §1& manufacturing of the cemented carbide can be reduced,
set of model interface geometries. The bonding at the inter2MN€ can {ilso expect an increase of the material to.ughr_1ess.
face is discussed in terms of electronic structure and the re- AS @ final comment, we note that the strong directional
sults are compared to those of the preceding Co/TiC stud)(/fovalem bof‘ds in the TiC-Co system on th? one hand and a
Our values for the work of separation are consistent with thdnore metallic WC-Co system on the other is a likely reason

experimental fact of better wetting in the Co/WC system\'_"hy W(_:'CO cer_nented carbides can show a plastic deforma-
than the Co/TiC one. tion while the TiC-Co cermets are more brittle.

We have clarified the differences in the interface interac-
tions between the Co/WC and the Co/TiC interfaces. Both
systems are characterized by strong covalent Co-C bonds, The idea of this work originated from discussions with U.
originating from theo-pd-hybridization. Compared to TiC, Rolander, Sandvik Coromant AB, and H.-O. Anadr€halm-
WC has two more electrons per metal-carbon pair, whicters. We are also thankful to B.l. Lundgvist and S. Simak for
cause a shift of the Gp and W4 states downward, away helpful discussions. This work was supported by the Swedish
from the Cosd states. This should reduce the Co-C interac-Foundation for Strategic Resear¢8SH and the Swedish
tion at the Co/WC interface. The higher adhesion energy oResearch Council for Engineering Sciend¢&&R). Alloca-
the Co/WC system is a consequence of a larger contributiotion of computer time at the UNICC facilities at Chalmers
of metal-metal bonding at the interface, as reflected in théJniversity of Technology and at the National Supercomputer
site dependence of the work of separation, as well as in th€enter at Linkping University is gratefully acknowledged.
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